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Abstract 

Detailed spatial resolution tests were performed on beamline 1.4.4 at the Advanced Light Source synchrotron facility in 
Berkeley, CA.  The high-brightness synchrotron source is coupled at this beamline to a Thermo-Electron Continuμm XL 
infrared microscope.  Two types of resolution tests in both the mid-IR (using a KBr beamsplitter and an MCT-A* detector) 
and in the near-IR (using a CaF2 beamsplitter and an InGaAS detector) were performed and compared to a simple diffraction-
limited spot size model.  At the shorter wavelengths in the near-IR the experimental results begin to deviate from only 
diffraction-limited.  The entire data set is fit using a combined diffraction-limit and demagnified electron-beam source size 
model. This description experimentally verifies how the physical electron beam size of the synchrotron source demagnified to 
the sample stage on the endstation begins to dominate the focussed spot size and therefore spatial resolution at higher 
energies. We discuss how different facilities, beamlines, and microscopes will affect the acheivable spatial resolution.  
© 2008 Elsevier Science. All rights reserved 
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1. Introduction 

Synchrotron infrared (IR) beamlines provide 
diffraction-limited spatial resolution for 
spectromicroscopy with 100 – 1000 times higher 
brightness than a conventional thermal globar source 
[1-4] enabling a wide variety of new science at small 
spatial scales [3,4]. We have previously 
experimentally verified the diffraction-limited 
performance through the mid-IR at the Advanced 
Light Source (ALS) [5].  However as the synchrotron 

emission wavelength becomes shorter, the physical 
size of the electron beam will dominate the focused 
photon beam size. 

The source size of a synchrotron light beam can be 
approximated well by adding in quadrature the 
effects of diffraction, the electron beam size, and the 
projected size of the emitting region [1, 6].  This 
beam is then imaged onto a sample via beamline 
optics that have an overall demagnification factor, m.    
The spot size can therefore be written as 

       (1) 
where d is a diffraction limit factor (depends on 
which resolution model is chosen, as described later), 

 

22m σλ +)(d t
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λ is the wavelength of light, and σt is the transverse 
synchrotron electron beam size. The transverse 
electron beam size is given by 

   
     (2) 
 

where βt is the beta-function, εt is the emittance, ηt is 
the dispersion (all in the transverse direction; t can be 
x or y), and σE/E is the energy spread [7].  These 
parameters are specific to each synchrotron light 
sournce and the specific beamline photon port.   

2. Experiment 

We performed lateral resolution experiments as a 
function of wavelength in the mid- and near-IR using 
a Thermo-Electron Continuμm XL microscope and 
Nexus 870 FTIR bench at ALS beamline 1.4.4. The 
beamline collects 10 mrad vertical by 40 mrad 
horizontal collection from the bending magnet 
source. A pair of cylindrical mirrors are used to 
collimate this source before the light is steered into 
the emission port of the FTIR bench.  The IR 
microscope focuses the beam onto the sample using 
all reflective 15× or 32× cassegrain objectives with 
numerical apertures of 0.58 and 0.65 respectively.  
The results presented here were obtained with the 
32× objective. The sample stage is an automated 
Prior Scientific H101 stage with step sizes as small as 
0.1 microns.  All measurements were done in 
reflection mode without any apertures in the light 
path, and the results presented here detail the y-
direction cross-sections of the focused spot. 

We previously published mid-IR resolution test 
results showing the resolution is indeed diffraction-
limited [5], so for this study we concentrate on the 
near-IR. An MCT-A* detector was used for  2000 
cm-1 to 7000 cm-1, and an InGaAs detector was 
utilized for 5000 cm-1 to 11000 cm-1.  A CaF2 
beamsplitter was used to cover this entire range.   

Spatial resolution tests were performed using a 
high-resolution USAF 1951 3-Bar Resolving Test 
Chart [8] from Applied Image Inc. (Rochester, NY).  
It has a chrome metal coating on a glass substrate 
with the resolution test structures patterned in a 
negative image up to a spatial frequency of 512 
cycles/mm (smallest is Group 9, Element 3).     

Two types of resolution tests were done as defined 
in more detail in Ref. [5]: a step edge (or knife edge) 
test, and a Rayleigh’s criterion test. These two 
definitions are well known from the literature, 
however it is important to note that they yield 
different numerical results since they are based on 
different definitions.  The Rayleigh imaging criterion 
will give a higher resolution than the FWHM step-
edge analysis by a factor  0.617.   

2
2

2.1. Step Edge Resolution Test Results 

Profiles were measured for each analyzed 
wavelength, then the derivative of each line profile 
was fit to a Gaussian. Fig. 1 shows the FWHM 
resolution versus wavelength for both detectors.  A 
simple linear fit to the data yields a resolution for the 
synchrotron source of (0.73 ± 0.04) λ.   

This, however, underestimates the slope of the real 
data, and the data deviate from the fit at shorter 
wavelengths.  An improved and more physically 
meaningful fit is obtained by using equation 1. In this 
case the best fit results in the diffraction portion of 
the data is given by (0.81 ± 0.02) λ, with a 
demagnified electron beam size of 0.71 ± 0.11 μm.  

Fig 1. Step edge and Rayleigh resolution results as a function of 
wavelength. Fits to the data to the effective source size discussed 
in the text is shown in red, with the diffraction and electron beam 
source size components of each fit shown with dashed lines. 
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2.2. Imaging Resolution Test Results 

Imaging tests were done using the USAF chart and 
Rayleigh’s criterion  for λ = 6.5 – 1.11 µm.  The 
measured resolutions of all wavelengths analyzed are 
presented in Fig. 1. A simple linear fit to the data 
yields a resolution of (0.45 ± 0.02) λ. 

Again, however, this simple linear fit does not 
adequately follow the data point particularly at 
shorter wavelengths, nor does it intercept the origin.  
The experimental imaging data clearly show 
deviation from a simple diffraction-limited spot size 
at short wavelengths.  An improved fit is found using 
equation 1 with the diffraction portion of the data 
given by (0.47 ± 0.01) λ, and a demagnified electron 
beam size of 0.51 ± 0.06 μm. 

3. Analysis 

As noted above, the step-edge and imaging tests 
use different resolution definitions differing by a 
factor of 0.617.  Indeed the diffraction portion of the 
best fits to Eqn. 1 are different by a factor of 0.59 ± 
0.03 and the electron beam size portions of the fits 
are different by a factor of 0.72 ± 0.20, both within 
the error bars of the ideal factor.  We conclude that 
the two resolution tests give consistent results. 

The electron beam source size for the 1.4 (22.6 
degree) bending magnet port at the ALS is σx = 65 
µm and σy = 52 µm [10].  These are one sigma 
values, and the FWHM beam size is 2.35 times 
larger. Thus, the electron beam size is 153 µm in the 
horizontal and 122 µm in the vertical dimension.   

The magnification factor m for the 1.4 beamline is 
given by the ratio of the focal distance of the 
collimating mirror to the focal distance of the 
microscope objective focusing the light onto the 
sample.  The beamline 1.4.4 optics image the vertical 
synchrotron emission to the y-direction on the sample 
stage which is the direction in which the spot size 
measurements are detailed above.  The magnification 
factor for the 32× objective is m = 171, and thus we 
would predict that the FWHM electron beam size of 
122 μm is imaged onto the sample stage to 0.71 μm, 
FWHM.  Or using the Rayleigh criterion, the imaged 
beam size is 0.44 μm.  These values are in good 
agreement with experimental data of the demagnified 

electron beam source size fits of 0.71 ± 0.11 μm, and 
0.51 ± 0.06 μm, for the two resolution definitions, 
respectively. For the 32× objective with NA=0.65, 
we expect the diffraction limited performance of this 
objective to be 0.47 λ. This is in excellent agreement 
with the fit to our measured data of (0.47 ± 0.01) λ. 

3.1. Resolution of different synchrotron beamlines 

The achievable transverse resolution of a given 
synchrotron beamline is a combination of the 
beamline optics (demagnification factor), the electron 
beam source size which is dependent on the specific 
machine and photon port parameters, and the final 
focusing objective in the IR microscope. Thermo-
Electron’s 15× and 32× objectives have relatively 
large N.A.’s, whereas Bruker Optics’ 15× and 36× 
objectives have longer working distances but smaller 
N.A.’s of 0.4 and 0.5, respectively.  Using such 
objectives, the effects of the electron beam source 
size will start at longer wavelengths and will limit the 
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Using ALS BL1.4 parameters:
 Predicted 15x 0.28 N.A.
 Predicted 15x 0.4 N.A.
 Predicted 15x 0.58 N.A.
 Measured 32x 0.65 N.A.
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y
 = 185 μm (NSLS VUV)
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y
 = 52 μm (ALS)

 Predicted σy = 24.9 μm (SOLEIL)
Prediction using SLS optics:

 Predicted σy = 26 μm

Fig 2. Predicted resolutions for different numerical aperture 
objectives, and different electron beam source sizes at selected 
synchrotron light sources. 
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ultimate lateral spatial resolution achievable. If we 
were to use the Bruker 15× objective (N.A = 0.4) on 
the ALS IR beamline with all other optics being the 
same, we should obtain a spot size given by 0.76 λ 
for the diffraction-limit, and 0.88 μm imaged electron 
beam size. Examples of the predicted resolution as a 
function of wavelength using different N.A. 
objectives are plotted in the upper panel of Fig. 2.      

If the ALS IR beamline was placed on the smallest 
source size port at the ALS the vertical electron beam 
size would be σy = 15 μm, or a factor of 3.5 smaller.  
This would have minimal effect to the resolution in 
most of the mid-IR, but the diffraction-limited 
performance would extend further into the near-IR 
and a significant improvement in resolution could be 
achieved for wavelengths shorter than about 2 
microns.  If the same beamline was built at the NSLS 
VUV ring (a 2nd generation synchrotron which has 
IR microscopy beamlines with similar IR 
microscopes), the vertical electron beam source size 
is σy = 185 μm [11], or about 3.5 times larger than the 
ALS 1.4 port.  The electron beam source size will 
play a more dominant role in the total effective 
resolution, yielding about 0.5 microns larger spot size 
at λ = 5 μm (2000 cm-1), extending to 1 micron larger 
spot size at λ = 2 μm (5000 cm-1) compared to ALS 
BL1.4.  An IR microscopy beamline is being built at 
the new SOLEIL synchrotron (France) with a 
planned σy = 24.9 μm [12], so assuming similar 
magnification optics to the ALS the diffraction 
limited performance will continue to wavelengths 
shorter than 1 micron (10,000 cm-1). 

The source size at the IR port currently being 
commissioned at the Swiss Light Source (SLS) 
storage ring is expected to be σx = 52 μm and σy = 26 
μm. The magnification factor m at the SLS IR 
beamline is 86 (with a 0.58 N.A objective) or 82 
(with a 0.61 N.A objective).  This means that the σy = 
26 μm vertical electron beam size will be imaged to 
the sample with a FWHM of 0.7 μm, or 0.43 μm 
using the Rayleigh definition.  These values are very 
close to those measured at the ALS so we would 
predict very similar resolution capabilities assuming 
the use of a similar microscope objective.  The 
predicted resolution from several synchrotron source 
sizes are shown in the lower panel of Fig. 2. 

The under development NSLS-II storage ring [13] 
is planned to perform at close to the theoretical 

minimum emittance [7] possible for a storage ring.  
The source size in the bending magnet ports will be 
σx = 44.2 μm and σy = 15.7 μm.  This is almost a 
factor of two smaller vertical beam size than 
SOLEIL, and so the diffraction limited performance 
should extend to approximately λ = 400 nm, in the 
visible.  Different focusing optics could extend this 
range even further towards the VUV. 
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